This study presents an implementation of concurrent engineering (CE) and an analytical network process to form a new rating method as part of the manufacturing process and material analysis in the product development environment. The proposed procedure is referred to as a concurrent network (CN). It is planned for CN to carry out simultaneous analysis of all aspects of product elements by using CE strategy. Furthermore, CN enables interdependence and interrelationship analysis between product elements by implementing ANP. In this study, CN is utilized for the manufacturing process and material analysis of a metal matrix composites (MMCs) automotive component which is the brake disc. The results show that by using CN, all the product parameters can be analyzed comprehensively and the importance weights of the product parameters with regard to the MMCs brake disc performance are obtained. It is concluded that in the manufacturing process cluster the primary process parameter has the highest score, while in the material cluster the ranking is dominated by mechanical properties. This means that these sub-conceptual parameters are the most important ones to consider in order to achieve the required performance of the product.
INTRODUCTION
Concurrent engineering (CE) is a philosophical strategy which refers to the product development process by which a product and its manufacturing plan are developed simultaneously, cross-functional activities are performed to achieve integration, and the voice of the customer is prioritized in the product development [1] [2] [3] . CE is a direct philosophy, but it has proven to be a powerful PD strategy [4, 5] . As a result of implementing CE, some companies are reported to have gained up to 60% reduction in time to market, up to 50% reduction in life cycle costs and a maximum 95% of reduction in engineering change demands [6] . Product development has been an essential activity for the success of product competition especially in the fast-growing and fierce competitive arena of the automotive industry [7] [8] [9] . The focus of PD research in the automotive industry is directed towards developing and implementing lightweight, high strength materials, having as their main objectives to improve vehicle performance, increase fuel efficiency, reduce vehicle emissions and increase vehicle safety at competitive costs [9, 10] . Among the advanced materials which fall into this category are metal matrix composites (MMCs) [11] [12] [13] [14] .
In product development related cases, the analytical network process [15] was used by Meade and Presley [16] to select the best option for an R & D project. Related work by Karsak, Sozer [17] implemented a combination of ANP and QFD to model a systematic decision procedure in product planning. Meanwhile, a study done by Büyüközkan and Feyzıoglu [18] applied ANP-fuzzy to prioritize design requisites by considering the degree of dependence between the customers' needs and the design requirements. ANP is regarded as an algorithm that can cope with all kinds of dependences systematically [19] . It replaces hierarchies with network connections, thus it is implemented for analysis and modeling of the interactions and dependencies among the elements involved in the analysis [20] . In this study, the research objective is to develop a systematic and viable technique to support the simultaneous consideration of all product elements during the analysis phase. Moreover, this technique should carry out an analysis between the product elements which reflects their interaction and relationship. To simulate this technique, it is applied as part of the manufacturing process and material analysis of MMCs for brake disc application.
METHODOLOGY
This section discusses in detail the concurrent network as part of the new MCDM technique. The CN phase combines CE strategy as indicated in Figure 1 . The strategy was applied in a generic framework for synchronized consideration of information from the product investigation and product specification to obtain the product performance, as explained in detail by Fatchurrohman, Sulaiman [21] . Furthermore, CE was used for decomposition of the product performance into conceptual aspects, namely the manufacturing process and material parameters. The parameters were linked into a network, in which product performance and design parameters were analyzed and each performance's influence on the conceptual parameters was identified. Then the sub-conceptual parameters were analyzed for their 
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interdependence relationships. This was the reason why ANP was used to perform ratings among the various parameters in the conceptual design clusters. Moreover, pairwise comparisons were performed to compare conceptual parameters and subconceptual parameters. The final result from the CN analysis was the global and local weights for each sub-conceptual parameter. The ANP method involves a number of logarithm steps [22] . Figure 2 explains how these steps were taken to analyze the interactions between the product parameters. The concurrent network starts with network construction to address the relationships between classes and sub-classes which correspond to elements of the conceptual parameters. In the context of CN, the network model consisted of Product, Performance and Conceptual Clusters. Thus, the importance of the clusters was evaluated with respect to their impacts or influences on other clusters. The cluster network was constructed based on the relationships represented in Figure 3 . The product cluster was translated and influenced only by the performance cluster, whereas comparisons were made between conceptual clusters, and in this investigation the conceptual clusters were compared with respect to the performance cluster. It was indicated that the two main conceptual clusters (the manufacturing process and material clusters) have the same weight, i.e. 0.5. This means that the conceptual parameter clusters have the same influence on the performance cluster. Analysis of parameters within the cluster was related to an outer dependence, where parameters in a cluster can depend on parameters from another cluster. Outer dependencies are represented by two-way connector arrows; thus, parameters in a cluster can influence the parameters in another cluster and vice versa [23] . Inner dependence refers to the condition when parameters of a cluster influence each other [24] . In the network (Figure 4 ), the outer dependencies are represented by two-way arrows and the inner dependencies by looped arcs.
RESULTS AND DISCUSSION

Unweighted Supermatrix
A supermatrix is a two-dimensional matrix of elements comprising elements under the manufacturing process and material conceptual clusters. The supermatrix was produced from the pair-wise comparison matrices of interdependencies and it represents the effects of the interdependence that exists between the elements in the network [25] . The unweighted supermatrix (USM) in Table 1 contains the result from the pair-wise comparison of all elements for each individual cluster throughout the network, and the number of comparisons was defined by the number (non-zero) of values in the USM. The first column A reflects the priorities of the product performance parameters with regard to the goal. The thermal performance had the highest priority with a score of 0.2123, and this was followed by mechanical performance (MEP), structural performance (STP), environmental performance (ENP), all having the same priority of 0.1996, and finally cost competitiveness [26] with a score of 0.1889. The following section of the USM refers to the manufacturing process cluster's local priorities. For instance, the sub-conceptual parameters of the primary process (PRP), secondary process (SEP), manufacturing cost (MNC) and environmental impact (ENI) with respect to mechanical performance (MEP) were 0.5666, 0.2845, 0.1071, and 0.0418. This indicates that the primary process (PRP) was more significant for the other sub-conceptual parameters in regard to the mechanical performance (MEP), and then the next priorities were followed by the secondary process (SEP), manufacturing cost (MNC) and environmental impact (ENI). The priorities of other relationships between the manufacturing process parameters and performance parameters are given in columns B to F and rows 7 to 10. For the inner dependence within the manufacturing process cluster, for instance in the case of the manufacturing cost at column I, the inner dependence comparisons of the sub-conceptual parameters refer to the primary process (PRP), secondary process (SEP) and environment impact with respect to manufacturing cost (MNC), and the results were 0.6175, 0.2968, and 0.08563. This means that the primary process (PRP) had a greater effect and was 2.08 times more significant than the secondary process (SEP, and 7.21 times more than the environmental impact. Moreover, the secondary process was 3.47 times more significant than the environmental impact in respect to the manufacturing cost. Meanwhile, the other significance weights of the interrelationships of sub-conceptual parameters within the manufacturing process cluster can be seen in columns G to O and rows 7 to 10.
The relationship between material parameters and performance parameters shows, for instance, the local weights of the sub-conceptual parameters of mechanical properties (MEP), thermal properties (THP), physical properties (PHP), material cost (MAC), and environmental compatibility (ENC) with respect to thermal performance with values of 0.0497, 0.6386, 0.2006, 0.0716, and 0.0399. This indicates that the mechanical properties have the highest importance and the greatest influence on the thermal performance, followed by the sub-conceptual parameters of thermal properties, physical properties, material cost, and environmental compatibility. The complete set of weights referring to other relationships between material parameters and performance parameters can be seen in columns B to F and rows 11 to 15.
Inside the material cluster, the interrelationships between sub-conceptual parameters were analyzed. For example, in column L -thermal properties, the values represent the importance of mechanical properties, physical properties, material cost, and environmental compatibility with respect to thermal properties. The results in sequence were 0.4045 (MEP), 0.4336 (PHP), 0.1299 and 0.0319 (ENC); this indicates that the physical properties had the highest influence on the thermal properties by 1.072, 3.338, and 13.59 when compared to the mechanical properties, physical properties, material cost, and environmental compatibility respectively. Next in order of significance in terms of their influence on thermal properties were mechanical properties, material cost and environmental compatibility. The rest of the interdependence relationships within the material cluster are shown in columns G to O and rows 11 to 15.
Weighted Supermatrix
The next phase involves the transformation of the USM into the weighted supermatrix (WSM) as in Table 2 . It was performed by multiplying each element of the USM by the corresponding cluster weight. This was performed in order to obtain the normalized scores for all the elements and is hence able to compare each element to another in terms of its priority. The normalized matrix is achieved when the elements have nonzero numbers and the columns add up to one (i.e. column stochastic), when it is then referred to as the WSM [21] . The first column in the WSM was the same as in the USM, and presents the priorities of the performance parameters in regard to the goal cluster. The priorities which indicate the relationship between the conceptual parameters and performance parameters were presented in normalized weight. For instance, in column D, which refers to structural performance, the rank of the manufacturing process was mostly influenced by the primary process -0.2655, followed by the secondary process -0.1493, manufacturing cost -0.0633 and environmental impact -0.0204. This indicates that the achievement of the structural performance was influenced mostly by the primary process quality and the second most influential was the secondary process. By contrast, in the material conceptual cluster, the most significant parameter influencing the structural performance was mechanical properties with a score of 0.2783, followed by thermal properties -0.5729, physical properties -0.1214, material cost -0.02991, and the least influential was environmental compatibility -0.01302. This interpretation can also be applied to columns B to F, rows 7 to 15.
Meanwhile, the inter-dependence values within the manufacturing process parameters and within the material cluster were also normalized. Hence, for example, under the secondary process column, the sub-conceptual parameter which had the strongest relation was primary process with a priority of 0.3246, followed by manufacturing cost -0.1395, and finally environmental impact -0.03597. In the material cluster, the results can also be analyzed; for instance, the relation under column O -environment compatibility was an interesting result since all the sub-conceptual parameters, i.e. mechanical properties, thermal properties, physical properties and material cost, have the same importance in relation to environmental compatibility with a score of 0.125. This indicates that the other sub-conceptual parameters under the material cluster have the same degree of influence on environmental compatibility. This understanding is applicable to columns G to O, rows 7 to 15. 
Limit Centrality
As the WSM covers the network connections between clusters of product, performance indicator, and conceptual parameters, the final priorities of the manufacturing process parameters and material parameters were ranked and scored for their level of importance. This was done by using the limit centrality table (LCT). The LCT was derived by raising all the values in the WSM to powers by multiplying them by the power 2k + 1, where k is an arbitrarily large number until it stabilizes. Thus, when the columns of values were the same for every column, the LCT had been attained and the matrix multiplication process was stopped [27] . In this case study, the LCT represents the overall significance of sub-conceptual parameters in terms of their impact and influence on each other and with regard to the performance parameters, taking their direct and indirect influences into consideration. The LCT of nine sub-conceptual parameters is specified in Table 3 . From this process, the global weights were obtained. Next, the global weights were normalized by cluster weights to obtain the local weights for each element of the sub-conceptual parameters in the network. The value of the local elements is the most important for the next step of the MCDM procedure. In the manufacturing process cluster, the primary process parameter has the highest score, which means that this sub-conceptual parameter was the most important to consider to achieve the required performance of the product. The ranking was followed by manufacturing cost, secondary process and lastly environmental impact. In the material cluster, the ranking was dominated by mechanical properties which was not an expected result since previously the thermal performance had the highest weight. This could be explained by other performance parameters whose achievability relied more on the mechanical properties rather than the other sub-conceptual parameters. The ranking of other sub-conceptual parameters was physical properties followed by thermal properties, material cost and environmental compatibility.
CONCLUSIONS
In this study CN was introduced. First, CE was applied to identify the product performance of an MMCs brake disc and it was defined with five indicators of product performance. These were then decomposed and analyzed into the sub-conceptual parameters of the manufacturing process and material. The dependency and relationship between these parameters were analyzed using the ANP method. The results were indicated in the matrices and in the limit centrality table. The cluster matrix indicated the weights for each cluster. The unweighted supermatrix contained the local priorities and the weighted supermatrix indicated the normalized priorities. Finally, the limit centrality table contained the local and global weights of the sub-conceptual parameters. This study is part of a new MCDM technique, and the local weights of the subconceptual parameters will be implemented in the next stage of the analysis, which is to analyze and obtain the ratings of the technical specifications.
